In this paper we present a large signal analysis for the Heterojunction Bipolar Transistor Laser (HBTL) to reveal its optical behavior under high current injection conditions. Physical structure of the device studied here, is based on npn HBT (nInGaP/p-GaAs+InGaAs(quantum wells)/n-GaAs) .Utilizing appropriate models for carrier transport, nonlinear optical gain and optical confinement factor (OCF), we have simulated the large signal response of the HBTL in relatively low and high modulation frequencies. Our results predict that for multiple quantum well structures at low frequencies there should not be a difference in carrier density neither the photon density. However, carrier concentration can be differently distributed between subsequent wells in case of a high speed yet large signal input. This leads to increased linewidth instead as it depends on carrier density difference between first and last quantum wells (ΔNqw).
The idea of light extraction from the base region of a transistor at room temperature has been initially proposed in several publications in 80s [1] . However, the first successful demonstration of the transistor laser (TL) idea was introduced in 2004 [2] . Since then, many researchers have focused on the TL both in theoretical and experimental aspects. TL can work as a three-port device with simultaneous electrical and optical outputs [3] . Further improvements including wavelength tunability, Multiple Quantum Well (MQW) structure, resonance-free characteristics have been proposed yet [4, 5] . While edge emitting transistor laser was the original type of this new family of optoelectronic devices, vertical cavity structures (VCSEL-TL) also attracted a considerable attention thanks to their promising features including enhanced linewidth, optical power and reduce threshold current.
In the TL, usual electrical collector is accompanied with an optical collector, i.e. the QW, inserted in the base region of the HBT. Stimulated recombination, a unique mechanism to the TL, causes "compression" in the collector I-V characteristics and optical gain decreases, which will be shortly discussed in this letter. Combined functionality of an HBT (i.e. amplification of a weak electrical signal with a high gain at high speed) and that of a Diode Laser (DL), -i.e. generating laser emission-is observed in the TL. In other words, a modulating base current leads to simultaneous modulated signals for both optical and electrical outputs. It raises the possibility of replacing some metal wiring between components on a circuit board or wafer chip with optical interconnections, thus providing more flexibility and capability in optoelectronic integrated circuits [6] . Owing to these interesting properties of TL, one may anticipate promising functionalities which is appropriate for telecommunication and other applications. Aside from its capability for handling electrical and optical signals at the same time, TL has a larger optical bandwidth (BW) and a resonance-free frequency response thanks to its unique carrier transport mechanism within the base region [7] . It is expected that processing speed can increase when the TL-equipped microprocessors are commercialized in the future.
HBTL has two new important features compared to the conventional DL. First, it is characterized by faster carrier recombination in the heavily doped base region, which improves the optical bandwidth. Second, resonance free optical frequency response as well as higher level of injected carriers into QW are realized by reversely biased collector-base junction in the HBTL [8] . In other words, the excess carriers are swept towards the electrical collector, i.e. collector-base interface, at much higher speed than in conventional DL's. Optical and electrical characteristics of the HBTL have been studied both experimentally [6-8] and theoretically [9] [10] [11] [12] to a significant extent. However, theoretical efforts to model HBTL's have been limited to reproducing specific electrical and optical operations of present devices in small signal regime, while a comprehensive study of large signal behavior of the device is presently lacking.
Transistor Laser studied here is based on n-p-n heterojunction bipolar transistor (n-InGaP/pGaAs+InGaAs(QW)/n-GaAs) [13] . Demonstrated in Fig. 1 is the band diagram of our assumed simulated TL. In this paper, we take advantage of a previously-developed charge control model in [14] to simulate carrier transport within the base region including the active region. That model consisted of multi-level, coupled photon-electron rate equations that is numerically solved using customized, Computationally-efficient techniques. In addition, the optical gain can be obtained as
[1] where Nqw and Pqw are the electron and hole densities inside the QW, S is the photon density, Ssat is the saturation photon density, ω is the angular frequency, c0 is the light speed, ε0 is the dielectric constant and fc and fhh are the electron and heavy holes Fermi distributions, L is the Lorentzian lineshape function, ρ is the density of dipole states, µ is the dipole moment for the TE mode, respectively. We leave the details of the optical gain calculation to readers as separately described in a separate work [15] . Material gain calculation results for two typical transistor lasers, i.e. single QW (SQW) and three QW (3QW), with QW=160Å are shown in Fig. 2 . Δλ0-0 and Δλ1-1 respectively represent for the error in simulated peak wavelength of ground state and first excited state compared with experimental data [7] . For both SQW and 3QW structures we observed acceptable error in peak wavelength of the lasing inside the QW region. This approves the accuracy of our gain calculation model to be employed later. The optical gain associated with the z th quantum well is formulized by:
Where νg is the group velocity and Γqw is the optical confinement factor of active region. In a separate study, we have presented a calculation technique for Γqw in the MQWHBTL as a function of the device structural factors [14] that is used for the calculation of Gz. Considering highly doped base region (hole density greater than 10 19 cm-3), we assumed a quasi-equal condition in which Pqw≈Nqw. Simulation results for optical gain are fed into multi-level, charge control model describing the carrier-photon rate equations. For large signal analysis, we need to develop an iterative computational method for solving charge control and gain model at the same time.
Our studies showed that the photon density in this regime has a prominent effect on the optical bandwidth of the device. Fig. 3 shows simulation results for such a study in which we considered both single and double QW structures in response to a large signal expressed by J(t)= J0+ ΔJm×sin(ωt) in which J0 and ΔJm are the current density at DC and AC terms, ω is the angular frequency and J(t) is the time-dependent current density feeding the TL. As can be seen in Fig. 3 (a) , 2QW-HBTL generates higher photon density due to amplified "optical" behavior compared with the SQW case. This agrees with the gain-bandwidth trade-off expressed in [16] and [17] . Specifically, we notice an increased photon density as a result of adding a QW. This should reduce current gain () to 50% of its value. The carrier density shown in Fig. 3 (b) is simulated at low enough frequencies. It approves there is no significant difference between the first QW and the second QW. We expect, however, the difference should slowly rise with increasing the number of QWs. Finally, modeling the large signal behavior of the device to higher frequencies reveals that we have a noticeable imbalanced carrier distribution between subsequent QWs, which increases with frequency. Fig. 3 (c) shows the large signal response of the proposed TL with 3QW structure to an electrical input at 18 (GHz). Interestingly, a decrease of up to ~26% is observed in carrier density of the last QW compared with the first one (ΔNqw=Nqw,1-Nqw,n). It is obvious that the barrier width can play a noticeable role on minimizing this effect. Following equation (2), the material gain associated with each QW is proportional with Nqw, or equivalently ΔNqw, hence the total optical gain of the device will 
